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Experimental Study on FRP Tube Reinforced Concrete (FTRC) Columns 1 
under Different Loading Conditions 2 
Weiqiang Wang1; M. Neaz Sheikh2; and Muhammad N.S. Hadi, F.ASCE3  3 
Abstract: The behavior of fiber-reinforced polymer (FRP) tube reinforced concrete (FTRC) 4 
columns under different loading conditions was investigated in this study. Four groups of 16 5 
specimens were cast and tested. Specimens in the first group (reference group) were 6 
reinforced with longitudinal steel bars and steel helices (Group REF). Specimens in the 7 
second group were reinforced with intact glass FRP tubes (Group IT). Specimens in the third 8 
group were also reinforced with intact glass FRP tubes. In addition, polymer grid was 9 
embedded into the concrete cover to reduce the cover spalling (Group ITG). Specimens in the 10 
fourth group were reinforced with perforated glass FRP tubes (Group PT). From each group, 11 
one specimen was tested under concentric loading, one specimen under 25 mm eccentric 12 
loading, one specimen under 50 mm eccentric loading, and one specimen under four-point 13 
loading. Results from the experimental study show that FRP tubes significantly increase the 14 
load carrying capacity and ductility of FTRC specimens. Group ITG specimens performed 15 
better than the other groups of specimens. Experimental and analytical interaction (P-M) 16 
diagrams also show the enhanced performance of FTRC specimens.  17 
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Introduction  29 
Concrete-filled FRP tubes (CFFTs) has been widely investigated in recent years. In CFFTs, 30 
the FRP tube acts as a stay-in-place structural formwork for the concrete and provides lateral 31 
confinement to concrete under compression. Moreover, the concrete can increase the stiffness 32 
of the members and prevent the FRP tube from local buckling. Many studies revealed that 33 
significant increases in the strength and ductility can be observed for CFFTs subject to 34 
compressive loadings, which makes CFFTs a promising alternative to steel reinforced 35 
concrete (RC) columns (Mirmiran et al. 1998; Fam and Rizkalla 2001, 2002; Fam et al. 2003; 36 
Ozbakkaloglu 2013).  37 
Recently, a new type of composite column named FRP tube reinforced concrete (FTRC) 38 
columns was proposed (Hadi et al. 2015). This composite column consists of an inner CFFTs 39 
and a concrete cover. In FTRC columns, the adverse influences of freeze-thaw cycles and 40 
ultraviolet radiation on the FRP tube are expected to be avoided by the concrete cover 41 
(Cromwell et al. 2011; Green et al. 2006; Karbhari et al. 2003), and a higher temperature 42 
resistance can be obtained because the concrete cover can prevent the FRP tube from 43 
exposure of high temperature (Cree et al. 2012; Jau and Huang 2008; Ji et al. 2008; Yu and 44 
Kodur 2013). Moreover, the spalling of concrete cover can be used as a suitable indication 45 
before the brittle failure of FTRC columns. Previous studies showed that FTRC columns can 46 
obtain a considerable strength and ductility capacity under concentric loading (Hadi et al. 47 
2015).  48 
FTRC columns are susceptible to premature spalling of concrete cover because the concrete 49 
core and concrete cover is separated by the FRP tube. Perforated tubes have been used to 50 
integrate the concrete core and concrete cover (Hadi et al. 2015; Sezen and Shamsai 2008; 51 
Rethnasamy et al. 2013). However, the perforation may lead to performance degradation of 52 
FTRC columns. In this study, the polymer grid has been used to prevent the premature 53 
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spalling of concrete cover (Hadi and Zhao 2011; Heo et al. 2011; Park et al. 2015). The 54 
construction process of FTRC columns in real application can be similar to that of steel RC 55 
columns in which the concrete cover is confined with grid mesh (Heo et al. 2011). Before the 56 
construction, the FRP tubes and polymer grid are manufactured with required sizes, and then 57 
the polymer grid is prefabricated into tubular shape in order to provide confinement to 58 
concrete cover. After the FRP tube is properly assembled on site, the tubular polymer grid 59 
can be assembled outside the FRP tube. In order to maintain the distance from the tubular 60 
polymer grid to the FRP tube, commercial available spacers can be placed onto the tubular 61 
polymer grid (Heo et al. 2011). Finally, the outside formwork is installed and the concrete 62 
can be poured.  63 
Even though the behavior of FTRC columns under concentric loading has been investigated 64 
(Hadi et al. 2015), the behavior of FTRC columns under eccentric loading and flexural 65 
loading has not been extensively investigated yet. It was revealed that the confinement of 66 
FRP to concrete is less effective for columns under eccentric loading and flexural loading 67 
(Fam et al. 2003; Wu and Jiang 2013; Yu et al. 2010). Moreover, the size of FTRC columns 68 
in Hadi et al. (2015) was rather small (150 mm in diameter and 300 mm in height). In order 69 
to investigate the possibility of using FTRC columns in real application, FTRC columns with 70 
larger size should be tested. Therefore, an experimental program was conducted in this study 71 
to investigate the behavior of FTRC members (240 mm in diameter and 800 mm in height) 72 
under different loading conditions. Furthermore, experimental and analytical interaction (P-73 
M) diagrams were constructed to investigate the axial load and bending moment capacity of 74 





Experimental Program 78 
Design of Experiment 79 
A total of 16 specimens with a length of 800 mm and a diameter of 240 mm were cast and 80 
tested under concentric, eccentric (25 mm and 50 mm), and four-point loadings. The 81 
specimens were divided into four groups with four specimens in each group. The first group 82 
(Group REF) was a reference group in which the four specimens were reinforced with steel 83 
helices and longitudinal steel bars (Fig. 1(a), (d)). The reinforcement consisted of 6N12 bars 84 
(12 mm deformed bars with a nominal tensile strength of 500 MPa) as longitudinal 85 
reinforcement and R10 bars (10 mm plain bars with a nominal tensile strength of 250 MPa) 86 
as transverse reinforcement in the form of helix with a pitch of 50 mm. The reinforcement 87 
ratio of specimens in Group REF was 1.5%. The second group (Group IT) contained four 88 
FRP tube reinforced concrete (FTRC) specimens which were reinforced with intact glass 89 
fiber-reinforced polymer (GFRP) tubes (Fig. 1(b), (e)). The GFRP tubes had an inner 90 
diameter of 167 mm with a thickness of 8 mm. The third group (Group ITG) contained four 91 
FTRC specimens reinforced with intact GFRP tubes. Moreover, two layers of polymer grid 92 
were embedded into the concrete cover to reduce the cover spalling (Fig. 1 (c), (f)). The 93 
fourth group (Group PT) contained four FTRC specimens which were reinforced with 94 
perforated GFRP tubes (Fig. 1 (b), (g)). The reinforcement ratio of FTRC specimens in 95 
Groups IT, ITG, and PT was 9.7%.  For the specimens in each group, the first specimen was 96 
subjected to concentric loading, while the second and the third specimens were subjected to 97 
eccentric loadings with 25 and 50 mm eccentricities, respectively. The fourth specimen was 98 
tested as a beam under four-point loading to evaluate the flexural behavior. Table 1 shows the 99 
test matrix of the experiment. The notation of the specimens consists of two parts: the first 100 
part is REF, IT, ITG, or PT, which indicates the groups of the specimens. The second part is 101 
0, 25, 50, or F, which indicates the loading conditions (0 indicates concentric loading; 25 102 
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indicates eccentric loading with 25 mm eccentricity; 50 indicates eccentric loading with 50 103 
mm eccentricity; and F indicates four-point loading).  104 
 105 
Specimen Preparation             106 
The GFRP tubes were manufactured by Exel Composites Australia (2015) based in Boronia, 107 
Victoria, Australia. The GFRP tubes were made from vinyl ester resin systems with E-glass 108 
fiber. The mechanical properties of GFRP tubes provided by the manufacturers are listed in 109 
Table 2. For the construction of perforated GFRP tubes, exact locations of the holes were 110 
marked before the perforation. Afterwards, a drill press machine with a circular drill bit was 111 
used to perforate the GFRP tubes. Three columns of holes were drilled onto each GFRP tube. 112 
The holes were symmetrically distributed along the tube circumference with a clear lateral 113 
spacing of 165 mm. 15 mm diameter circular holes were drilled. The clear vertical hole 114 
spacing was 60 mm.  115 
The polymer grid was rectangular in shape (36 mm spacing in the longitudinal direction and 116 
24 mm spacing in the transverse direction) and was manufactured from high modulus 117 
polyester fibers by Maccaferri Australia Pty Ltd. (2015). In order to provide transverse 118 
confinement to the concrete cover, the polymer grid was formed into tubular shapes and held 119 
with plastic ties. The polymer grid was overlapped at an approximate length of 100 mm to 120 
ensure that the polymer grid would not be loosened or slid and to provide uniform 121 
confinement to the concrete cover.  122 
The molds for casting the specimens were made of PVC pipe with an inner diameter of 240 123 
mm and a height of 800 mm. All the molds were aligned vertically by a formwork made from 124 
timber. The concrete was supplied by a local concrete provider, and the nominal compressive 125 
strength was 32 MPa. Before pouring the concrete in the molds, the steel reinforcement 126 
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cages, GFRP tubes, and tubular polymer grids were placed into the molds. After casting, all 127 
the specimens were covered with wet burlap on top to prevent moisture loss. All the 128 
specimens were kept wet during the weekdays until the test date. 129 
 130 
Preliminary Tests 131 
Compressive tests of concrete cylinders on 28 days showed that the average compressive 132 
strength of the concrete was 35 MPa. The tensile properties of N12 deformed bars and R10 133 
plain bars were tested in accordance with AS 1391 (2007) using Instron 8033 testing 134 
machine. Based on the average results of tensile tests, the yield strength of N12 deformed 135 
bars was 440 MPa, and the yield strength of R10 plain bars was 400 MPa.  136 
Tensile properties of the polymer grid were determined by testing polymer grid strand using 137 
Instron 8033 machine. Each end of the polymer grid strand was embedded in steel clamps. 138 
The two steel plates were then tightened towards each other in order to fix the polymer grid. 139 
The total length of the polymer grid strand was 158 mm with a free length of 102 mm. The 140 
displacement controlled test was carried out at a rate of 3 mm/min. A linear elastic behavior 141 
was observed, and the average tensile strength of the polymer grid was 484 MPa with an 142 
elastic modulus of 5 GPa. 143 
The GFRP tubes were tested under compression in accordance with GB/T 5350 (2005). 144 
Before testing, the tube was placed onto the bottom loading plate to check whether there was 145 
any misalignment between the tube end and the bottom loading plate (Wang et al. 2015b). If 146 
a slight misalignment was observed, the tube end was slightly smoothed using a belt sander 147 
until the misalignment was removed. The test was conducted at a rate of 0.3 mm/min. The 148 
average axial compressive strength of GFRP tube was 416 MPa with a corresponding axial 149 
strain of 0.0145. Due to the limitations of the experimental setup, the hoop tensile properties 150 
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of the GFRP tubes cannot be experimentally obtained. Therefore, the hoop tensile properties 151 
of the GFRP tubes provided by the manufacturers were used for further analysis.  152 
 153 
Instrumentation and Test Procedure 154 
The Denison 5,000 kN compression testing machine was used for testing all the specimens. 155 
For concentrically and eccentrically loaded column specimens, the specimen ends were 156 
capped with high-strength plaster to ensure uniform load distribution. In order to apply 157 
eccentric loading onto the column specimens, a set of loading heads were used (Fig. 2). Axial 158 
deformations of the column specimens were measured using two Linear Variable Differential 159 
Transducers (LVDTs), which were mounted at the opposite corners between the bottom 160 
loading plate and the top steel plate of the Denison testing machine. In order to measure the 161 
lateral deflections for the eccentrically loaded column specimens, a laser triangulation was set 162 
up at mid-height of the column specimen. For the flexural test, a four-point loading system 163 
was manufactured, as shown in Fig. 3. The four-point loading system was composed of a top 164 
rig and a bottom rig. The bottom rig was placed diagonally on the bottom loading plate of the 165 
Denison testing machine, and then the beam specimen was placed on the bottom rig. 166 
Afterwards, the top rig was placed on the beam specimen. The top plate of the Denison 167 
testing machine was adjusted to the top rig to apply load. A hole was drilled onto the middle 168 
of bottom rig and a laser triangulation was located underneath the bottom rig for the 169 
recording of mid-span deflection of the beam specimens. All the tests were conducted as 170 
deflection controlled at a rate of 0.3 mm/min. 171 
 172 
Experimental Results and Discussions 173 
Behavior of Specimens under Concentric Load 174 
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The failure modes of concentrically loaded specimens are shown in Fig. 4. Specimen REF-0 175 
failed gradually due to cover spalling and the buckling of longitudinal bars. Specimens IT-0 176 
and ITG-0 failed suddenly due to the hoop rupture of GFRP tubes accompanied by a loud 177 
noise, while Specimen PT-0 failed due to the premature failure at the top end of the specimen. 178 
For Specimens REF-0 and IT-0, most of the concrete cover spalled off at the time of failure, 179 
while the spalling of concrete cover was effectively controlled by the polymer grid for 180 
Specimen ITG-0 (Fig. 4 (c)).  181 
The yield load, ultimate load and the corresponding axial deformations of the specimens are 182 
shown in Table 3. In this study, the yield load was defined as the limit of elastic behavior of 183 
specimens (Pessiki and Pieroni 1997): A best-fit line to the linear portion of the load–184 
deformation curve was implemented. This line was then extrapolated to intersect with the 185 
maximum load before cover spalling. The load corresponding to this intersection was the 186 
yield load. Fig. 5 shows the axial load-axial deformation behavior of Specimens REF-0, IT-0, 187 
ITG-0, and PT-0. Similar behavior has been observed before the yielding of Specimens REF-188 
0, IT-0, and ITG-0. After the initial ascending branch, all specimens experienced load 189 
reductions due to the spalling of concrete cover. A continuous decrease of axial load was 190 
observed for Specimen REF-0. While for Specimens IT-0 and ITG-0, the axial load began to 191 
increase again since the confinement provided by the GFPR tube to the concrete core was 192 
activated as well as the increased axial load carried by the GFRP tube. Even though higher 193 
ultimate loads can be observed for Specimens IT-0 and ITG-0, the axial deformations at 194 
ultimate loads were significantly less than that of Specimen REF-0. This phenomenon was 195 
attributed to the low hoop tensile properties of GFRP tubes. Therefore, Specimens IT-0 and 196 
ITG-0 failed due to the hoop tensile rupture of GFRP tubes before the axial compressive 197 
strength of GFRP tubes can be fully utilized. Similar behavior was also observed by Fam and 198 
Rizkalla (2001) and Bank (2013). Moreover, by comparing the axial load-axial deformation 199 
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behavior of Specimens IT-0 and ITG-0, it can be observed that there is no significant increase 200 
in load carrying capacity or deformation capacity due to the embedment of polymer grid into 201 
the concrete cover of Specimen ITG-0. This is because the confinement provided by the 202 
polymer grid to the concrete cover was weak due to its large openings as well as its lower 203 
tensile strength and tensile elastic modulus (Wang et al. 2015a).  204 
The confinement ratio (the ratio between the lateral confining pressure lf and the unconfined 205 
concrete strength 'cof ) was used to investigate the strength improvement of concrete. For 206 
Group REF specimens, the confinement ratio was calculated (Mander et al. 1988): 207 











       (1) 
where ek = )1/()d2/'s1( ccs  is the confinement effectiveness coefficient, tsA  is the area 208 
of transverse bars, yhf is the yield strength of the transverse bars, s is the center to center 209 
spacing of neighboring helices, 's is the clear spacing between neighboring helices, sd is the 210 
diameter of steel helices between bar centers, and cc is the ratio of total area of longitudinal 211 
reinforcement to the area of concrete core.  212 
For Group IT and ITG specimens, the confinement ratio was calculated (Teng et al. 2009): 213 











          (2) 
where t is the tube thickness, tf is the hoop tensile strength of FRP tube, and coreD is the 214 
diameter of concrete core.  215 
The confinement ratio for specimens in Group REF was 0.16, and the confinement ratio for 216 
specimens in Groups IT and ITG was 0.137. For specimens in Group PT, the confinement 217 
ratio cannot be obtained because the confinement provided by the perforated FRP tube was 218 
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non-uniform and was difficult to be determined. Even though the confinement ratios were 219 
close to each other, the ultimate load of Specimen REF-0 was significantly less than those of 220 
Specimens IT-0 and ITG-0. This phenomenon was mainly attributed to that the load carried 221 
by FRP tube was significantly higher than the load carried by the longitudinal bars at ultimate 222 
load. According to the readings from strain gauges, Specimens IT-0 and ITG-0 failed at 223 
longitudinal compressive strains of 0.00645 and 0.00659, respectively. Therefore, the axial 224 
load carried by the FRP tube was calculated to be 808.5 kN and 825.0 kN, respectively (225 
tubef,af,atube AEP  , where f,aE is the longitudinal compressive elastic modulus of FRP tube, 226 
f,a is the longitudinal compressive strain of FRP tube at failure, and tubeA is the cross section 227 
area of FRP tube). However, the maximum axial load carried by longitudinal bars was 228 
calculated to be 298.6 kN ( lsylsteel AfP  , where ylf  and lsA are the yield strength and the total 229 
area of longitudinal bars, respectively), and this load would further decrease because of the 230 
buckling of longitudinal bars after the spalling of concrete cover. Therefore, the ultimate load 231 
of REF-0 was significantly lower than those of Specimens IT-0 and ITG-0 even though the 232 
confinement ratios were similar.  233 
For Specimens IT-0 and ITG-0, the increased load carried by the concrete core due to the 234 
FRP confinement was calculated ( core
'
cotubeu AfPP  , where uP  is the ultimate load of FTRC 235 
columns, and coreA is the area of concrete core). The increased loads carried by concrete core 236 
were 285.0 kN and 267.6 kN for Specimens IT-0 and ITG-0, respectively. Therefore, it can 237 
be seen that for Specimens IT-0 and ITG-0, the load contribution from the longitudinal 238 
compressive properties of FRP tube was more significant than the gain from the confinement 239 





Behavior of Specimens under Eccentric Load 243 
The failure modes of Specimens REF-25, IT-25, ITG-25, and PT-25 are shown in Fig. 6. 244 
Specimen REF-25 failed due to the crushing of concrete and local buckling of longitudinal 245 
bars in the compression region. Specimens IT-25, ITG-25, and PT-25 failed due to the 246 
rupture of GFRP tubes in the compression region with a loud noise, and no rupture was 247 
observed onto the GFRP tubes in the tension region.  248 
The behavior of Specimens REF-25, IT-25, ITG-25, and PT-25 under eccentric loading is 249 
shown in Fig. 7. For Specimen REF-25, the axial load decreased continuously after the initial 250 
ascending branch. While for FTRC specimens, the axial loads began to increase again after 251 
the initial load reductions, which was mainly attributed to that the axial load carried by GFRP 252 
tube was continuously increased. The axial stiffness of GFRP tube fk was calculated to be 253 
173.6 GPa·mm ( L/AEk tubef,af  , where f,aE , tubeA , and L are the longitudinal compressive 254 
elastic modulus, cross section area, and length of FRP tube, respectively), and the axial 255 
stiffness of longitudinal bars sk can be calculated to be 178.6 GPa·mm ( L/AEk lsss  , where 256 
sE , lsA , and L are the elastic modulus, total cross section area, and length of longitudinal bars, 257 
respectively). Even though the axial stiffness of FRP tube and longitudinal bars were close to 258 
each other, the longitudinal bars began to buckle after the spalling of concrete cover. Hence, 259 
the load carried by longitudinal bars was decreased. However, no buckling was observed for 260 
FRP tube, and the load carried by the FRP tube was continuously increased with the 261 
increased of axial deformation. Therefore, higher ultimate loads can be observed for FTRC 262 
specimens. Specimen ITG-25 obtained the highest ultimate axial load, followed by 263 
Specimens IT-25, PT-25, and REF-25. The performance difference between Specimens ITG-264 
25 and IT-25 was not significant, which indicates that the polymer grid was not effective in 265 
increasing the load carrying capacity and deformation capacity of the specimens. For 266 
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Specimen PT-25, the ultimate load was significantly lower than those of Specimens ITG-25 267 
and IT-25 because the perforation caused strength reduction of the GFRP tube. Table 3 268 
summarizes the test results of Specimens REF-25, IT-25, ITG-25, and PT-25. The yield loads 269 
of Specimens IT-25, ITG-25, and PT-25 were slightly higher than that of Specimen REF-25. 270 
The increases of the ultimate loads for Specimens IT-25, ITG-25, and PT-25 compared to the 271 
ultimate load of REF-25 were 49.5%, 58.0%, and 42.0%, respectively.  272 
The behavior of Specimens REF-50, IT-50, ITG-50, and PT-50 under eccentric loading is 273 
shown in Fig. 8. Similar failure modes can be observed between specimens under 50 mm 274 
eccentric loading and specimens under 25 mm eccentric loading. The test results are 275 
summarized in Table 3. The increases of the ultimate loads of Specimens IT-50, ITG-50, and 276 
PT-50 compared to that of REF-50 were 49.1%, 50.3%, and 31.5%, respectively. The 277 
ultimate load of Specimen PT-50 was significantly less than that of Specimens IT-50 and 278 
ITG-50, which was due to the influence of perforation onto the GFRP tube.  279 
Moreover, it can be observed from Table 3 that for eccentrically loaded FTRC specimens, the 280 
axial deformations at ultimate loads were higher than the corresponding axial deformations 281 
for concentrically loaded FTRC specimens, and the axial deformations at ultimate loads were 282 
increased with the increase of eccentricity. This can be explained by the fact that with the 283 
increase of eccentricity, the expansion of concrete core was less due to the existence of strain 284 
gradient. Therefore, the transverse tensile rupture of GFRP tube may occur with a higher 285 
axial strain. Moreover, it is observed that the lateral deflections of eccentrically loaded FTRC 286 
specimens were less than those of corresponding axial deformations, which may be attributed 287 
to the high bending stiffness of FRP tubes ( IE f,a , where f,aE  is the longitudinal compressive 288 
elastic modulus of FRP tube, and I is the area of moment of inertia). In this study, the bending 289 
stiffness of FRP tube can be calculated by   64/E1D f,a44   , where  is the ratio between 290 
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the inner diameter and outer diameter of FRP tube, and D is the outer diameter of FRP tube. 291 
The bending stiffness of FRP tube was calculated to be 495469 Pa·m4. Therefore, the FRP 292 
tubes can be effective in resisting the lateral deflections of eccentrically loaded FTRC 293 
specimens. 294 
 295 
Flexural Behavior  296 
The failure modes of beam specimens after test are shown in Fig. 9. For Specimens IT-F, 297 
ITG-F, and PT-F, the failures were caused by the rupture of the GFRP tubes in the tension 298 
sides. Specimen REF-F failed due to the combination of flexural cracks and inclined shear 299 
cracks. This observation suggested that FRP tube was more effective in controlling the 300 
development of shear cracks (Mandal and Fam 2006). Almost all the concrete cover of 301 
Specimens IT-F and PT-F spalled off at the time of failure. Nevertheless, the failure mode of 302 
Specimen ITG-F indicates that the polymer grid can be effective in preventing the spalling of 303 
concrete cover.  304 
The test results of beam specimens are presented in Table 4. Fig. 10 shows the load-mid-span 305 
deflection behavior of the tested specimens under four-point loading. At the initial stage, 306 
similar load-mid-span deflection behavior can be observed. Afterwards, load reductions can 307 
be observed for all specimens because of the spalling of the concrete cover. After these load 308 
reductions, the loads of all tested specimens were fluctuated, which resulted in a 309 
redistribution and rearrangement of the forces within the specimens. For Specimen REF-F, a 310 
higher load was obtained even after the spalling of the concrete cover. In order to obtain the 311 
theoretical bending moment capacity of Specimen REF-F with pure flexural failure, a 312 
rectangular stress block method suggested in AS 3600 (2009) was used. The theoretical 313 
bending moment capacity was found to be 27.5 kN·m, which was less than the experimental 314 
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value (43.4 kN·m), as shown in Table 4. There might be two reasons for such behavior: (1) 315 
Specimen REF-F failed due to the combined effect of flexural cracks and inclined shear 316 
cracks. Therefore, direct diagonal compression strut was developed in the concrete through 317 
the arching action, which resulted in an increase in the performance of concrete beam 318 
(Mohamed and Masmoudi 2010; Pham et al. 2013); and (2) the confinement provided by the 319 
steel helix is more effective than that provided by rectangular or square stirrups, which 320 
resulted in a higher bending moment capacity (Hadi and Schmidt 2002). For Specimens IT-F 321 
and PT-F, the FRP tube ruptured immediately after the spalling of concrete cover (the 322 
longitudinal compressive strains of FRP tube at rupture in the extreme compression fiber 323 
were 0.0025 and 0.0016, respectively), which resulted in sudden load reductions of 324 
specimens. Therefore, the maximum load ( uP ) was the same with the maximum load before 325 
cover spalling ( yP ), and hence the bending moment yM  was equal to uM . After these load 326 
reductions (from 337 kN to 227 kN for Specimen IT-F and from 311 kN to 266 kN for 327 
Specimen PT-F), Specimens IT-F and PT-F could still carry substantial amount of loads with 328 
increasing mid-span deflection until failure. For Specimen ITG-F, the FRP tube ruptured at a 329 
longitudinal compressive strain of around 0.0045 in the extreme compression fiber. Therefore, 330 
Specimen ITG-F could be further loaded to obtain higher load and higher mid-span deflection 331 
after the spalling of concrete cover.  332 
 333 
Ductility Capacity  334 
The ductility of steel RC column can be calculated as the ratio of the axial deformation at the 335 
85% post-ultimate load divided by the axial deformation at the yield load, which can be 336 
expressed as: 337 
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   (3) 
where   is the ductility, u  is the axial deformation at the 85% post-ultimate load, and y  is 338 
the axial deformation at the yield load.  339 
The above definition of ductility was not applicable for FTRC columns. In this study, the 340 
ductility definition suggested by Cui and Sheikh (2010) was adopted to calculate the ductility 341 
of FTRC columns. According to Cui and Sheikh (2010), the ultimate load was defined as the 342 
load at the failure of FRP, while the same definition of yield load suggested by Pessiki and 343 
Pieroni (1997) was adopted.  344 
The ductility of all column specimens is summarized in Table 3. It can be seen that FTRC 345 
columns obtained higher ductility than steel RC columns under both concentric and eccentric 346 
loadings, and the ductility of FTRC columns increase with the increase of eccentricity. It is 347 
noted that for Specimen REF-0, a considerable amount of axial deformation can still be 348 
observed after 85% post-ultimate load. Moreover, when the applied load changes from 349 
concentric loading to eccentric loadings of 25 mm and 50mm, the decrease of axial loads of 350 
Group REF columns was 34.0% and 53.3%, respectively. The corresponding decreases in 351 
axial loads were 21% and 44%, respectively, for Group IT columns. While for Group ITG 352 
columns, the load decreases were 16% and 44%, respectively. For specimens under eccentric 353 
loading, the percentages of load reductions were less for FTRC columns than steel RC 354 
columns. Therefore, the FTRC columns are preferred to the steel RC columns especially 355 
under eccentric loadings.  356 
 357 
Interaction Diagram 358 
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Axial load-bending moment (P-M) interaction diagrams were constructed to investigate the 359 
axial load and bending moment capacity of the specimens. For eccentrically loaded 360 
specimens, the bending moment capacities considering the secondary moment were 361 
calculated by Equation (4): 362 
                  ePM u    (4) 
where uP  indicates ultimate axial load, e  indicates loading eccentricity, and  indicates lateral 363 
deflection at the ultimate load.  364 
For beam specimens, the bending moment capacities were calculated by Equation (5): 365 
                 a
2
P
M u   (5) 
where a is length of shear span ( a =230 mm), as shown in Fig. 3 (b).  366 
The experimental interaction diagrams are shown in Fig. 11. The interaction diagrams 367 
indicate that FTRC specimens (Groups IT, ITG, and PT) outperformed steel RC specimens in 368 
this study. The interaction diagrams of FTRC specimens can be divided into two parts. In the 369 
first part, the axial load increased with the increase of bending moment. While in the second 370 
part, the axial load increased with the decrease of bending moment. The interaction diagram 371 
of steel RC specimens (Group REF) was not as expected since the axial load increased with a 372 
continuous decrease of bending moment. This phenomenon was because Specimen REF-F 373 
failed due to a combination of flexural cracks and shear cracks (Fig. 9 (a)). The shear cracks 374 
resulted in an arch action, which increased the bending moment capacity.  375 
A numerical layer-by-layer approach was used to construct the analytical interaction 376 
diagrams of FTRC specimens (Fam et al. 2003; Yazici and Hadi 2009). The cross section of 377 
FTRC specimens was divided into finite small horizontal strips, as shown in Fig. 12. In each 378 
layer, the area of FRP tube, concrete core, and concrete cover were calculated. With the plain 379 
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section assumption, the strain in each strip was estimated and the axial stress of each 380 
component was calculated by the stress-strain models of different components. The 381 
calculated stresses are then integrated over the whole cross section area to obtain the resultant 382 
force and the resultant moment. In order to get more accurate prediction results, the width of 383 
these strips should be small enough. In this study, the width of these small strips was taken as 384 
1 mm.  385 
A linear elastic stress-strain relationship was adopted in both longitudinal and transverse 386 
directions of FRP tubes. Different stress-strain models were adopted for the concrete core and 387 
concrete cover of FTRC specimens. It was observed that the confinement effect provided by 388 
polymer grid was insignificant. Therefore, the confinement effect of polymer grid was 389 
neglected in this analysis. The stress-strain model proposed by Popovics (1973) was adopted 390 
to simulate the concrete cover of FTRC specimens:  391 








      (6) 
where 392 





             (7) 







               
(8) 








                
(9) 
where c and c are axial stress and axial strain of concrete, respectively; 
'
cof is compressive 393 
strength of unconfined concrete; and co is compressive strain of concrete corresponding to 394 
'
cof ; cE is the elastic modulus of unconfined concrete; and secE is the secant modulus of 395 
unconfined concrete.  396 
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The stress-strain model proposed by Teng et al. (2009) was adopted for the concrete core of 397 
FTRC specimens subjected to concentric compression, which can be described by the 398 











  for 
tc  0                   (10) 
     c2
'
coc Ef                     for cuct                     (11) 
where
c and c are the axial stress and axial strain, respectively; cE is the elastic modulus of 400 
unconfined concrete; 2E is the slope of the linear second portion of the stress-strain curve; 401 
and cu is the ultimate axial strain of confined concrete. The parabolic first portion meets the 402 
linear second portion with a smooth transition at
t :  403 
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   (13) 
where 'ccf is the compressive strength of confined concrete. The expressions for 
'




























  (15) 
where  coresecfrpK DE/tE2  is the confinement stiffness ratio; corup,h /   is the strain 407 
ratio. frpE is the elastic modulus of FRP tube in the hoop direction, t is the thickness of FRP 408 
tube, rup,h is the hoop rupture strain of FRP tube, and coreD is the diameter of the confined 409 
concrete core.  410 
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Moreover, in order to consider the reduced effectiveness of FRP confinement for concrete 411 
core subjected to eccentric loading and flexural loading, a variable confinement model was 412 
adopted to describe the stress-strain relationship of concrete core under eccentric loading and 413 
flexural loading (China Planning Press 2010; Yu et al. 2010). This model is an extension of 414 
Teng et al. (2009) model. The only difference is the value of the slope of the second linear 415 
portion of the concrete stress-strain curve. For concrete under eccentric loading and flexural 416 
loading, the slope of the second linear portion of the stress-strain curve was calculated as:  417 








                   (16) 
where ec2E is the slope of the second linear portion of the concrete stress-strain curve, and oD  418 
is the outer diameter of the CFFTs.  419 
The above stress-strain models were adopted for the calculation of the interaction diagrams of 420 
FTRC specimens. The tensile stress carried by the concrete was neglected, and the actual 421 
longitudinal compressive strains at the extreme compression fibre of FRP tubes were used as 422 
the ultimate compressive strains. Fig. 13 compares the experimental and analytical interaction 423 
diagrams of specimens in Groups IT and ITG. It can be seen that the analytical results are in 424 
good agreement with experimental results. The predication results underestimated the 425 
bending moment capacities of FTRC specimens subjected to both eccentric loading and 426 
flexural loading conditions. However, the predicated load carrying capacities fit well with the 427 
experimental values of FTRC specimens.  428 
For Specimens IT-F and ITG-F, the bending moment carried by each component (inner 429 
CFFTs and concrete cover) was investigated, as shown in Table 5. At the maximum load 430 
before cover spalling yP , the bending moment carried by concrete cover ercov,yM was 14.3 431 
kN·m for Specimen ITG-F, which was 43% of the bending moment yM (33.1 kN·m). 432 
However, at the maximum load uP , the bending moment carried by the concrete cover ercov,uM433 
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was reduced to 7.7 kN·m, which was only 20% of the bending moment uM . Even though the 434 
bending moment carried by the concrete cover was significantly reduced with the increase of 435 
longitudinal compressive strains, the bending moment carried by the inner CFFTs CFFTs,uM436 
was increased (from 18.7 kN·m to 29.8 kN·m for Specimen ITG-F). Moreover, the increase 437 
in the bending moment carried by inner CFFTs was higher than the decrease in the bending 438 
moment carried by concrete cover. Therefore, a higher bending moment capacity uM can be 439 
obtained for Specimens ITG-F after the spalling of concrete cover. In addition, the mid-span 440 
deflection of Specimen ITG-F was predicted by using the proposed analytical model. Firstly, 441 
the moment-curvature response was calculated. Afterwards, the mid-span deflection was 442 
calculated by using the moment-area method, as suggested in Mandal and Fam (2006). The 443 
ultimate mid-span deflection for Specimen ITG-F was calculated to be 17.2 mm, which was 444 
close to the experimental value (23.3 mm). Therefore, the proposed model can also predict 445 
the mid-span deflection of FTRC specimens with reasonable accuracy.  446 
 447 
Conclusions 448 
In this study, experimental and analytical investigations were carried out to study the 449 
behavior of FRP tube reinforced concrete (FTRC) columns under different loading conditions. 450 
Based on these results, the following conclusions can be drawn: 451 
1. The axial load carrying capacities of FTRC columns (Group IT, ITG, and PT) are higher 452 
than that of Group REF columns under both concentric and eccentric loadings. The axial load 453 
carrying capacity of FTRC columns is significantly reduced with the increase of eccentricity. 454 
Group ITG columns achieved the highest load carrying capacities, followed by Groups IT, 455 
PT, and REF columns.  456 
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2. The ductility of FTRC columns is higher than the ductility of Group REF columns under 457 
both concentric and eccentric loading conditions. The ductility of FTRC columns increases 458 
with the increase of load eccentricity.  459 
3. Among the four beam specimens REF-F, IT-F, ITG-F, and PT-F, Specimen REF-F has the 460 
highest load carrying capacity, followed by Specimens ITG-F, IT-F, and PT-F. The highest 461 
mid-span deflection is obtained by Specimen REF-F, followed by Specimens PT-F, ITG-F, 462 
and IT-F.  463 
4. Both experimental and analytical interaction diagrams of FTRC specimens are constructed. 464 
The analytical investigation can predict the load carrying capacity and bending moment 465 
capacity of FTRC specimens with good accuracy. It has been observed that a higher bending 466 
moment capacity may be obtained for FTRC specimens even after the spalling of concrete 467 
cover due to the increased bending moment carried by the inner CFFTs of FTRC specimens.  468 
5. The above conclusions are based on the experimental investigations on 16 concrete 469 
specimens. Hence, more experimental investigations need to be conducted to fully validate 470 
the observed behavior of FTRC specimens under different loading conditions. Moreover, the 471 
performance of FTRC specimens under harsh environments (e.g., aggressive freeze-thaw 472 
cycles in cold regions and extreme temperature conditions) need to be extensively 473 
investigated.  474 
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Table 1. Test Matrix 650 
Specimen Internal Reinforcement Cover Confinement Test Modes 
REF-0 6N12 and R10@50 mm -- Concentric 
REF-25 6N12 and R10@50 mm -- Eccentric, e=25 mm 
REF-50 6N12 and R10@50 mm -- Eccentric, e=50 mm 
REF-F 6N12 and R10@50 mm -- Flexural 
IT Intact GFRP tube -- Concentric 
IT-25 Intact GFRP tube -- Eccentric, e=25 mm 
IT-50 Intact GFRP tube -- Eccentric, e=50 mm 
IT-F Intact GFRP tube -- Flexural 
ITG-0 Intact GFRP tube 2 layers of polymer grids Concentric 
ITG-25 Intact GFRP tube 2 layers of polymer grids Eccentric, e=25 mm 
ITG-50 Intact GFRP tube 2 layers of polymer grids Eccentric, e=50 mm 
ITG-F Intact GFRP tube 2 layers of polymer grids Flexural 
PT-0 Perforated GFRP tube -- Concentric 
PT-25 Perforated GFRP tube -- Eccentric, e=25 mm 
PT-50 Perforated GFRP tube -- Eccentric, e=50 mm 
PT-F Perforated GFRP tube -- Flexural 
  651 
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Table 2. Mechanical Properties of GFRP Tubes (Exel Composites Australia 2015) 652 





Modulus of Elasticity  
(GPa) 
Longitudinal Transverse Longitudinal Transverse Longitudinal Transverse 










 at yield load (mm) 
 
Ultimate load  
(kN) 
  
Axial deformation  
 at ultimate load (mm) 
Lateral deflection  




REF-0 1275 1.82 1486 2.83 -- 1.87 
IT-0 1405 2.05 1850 6.21 -- 3.03 
ITG-0 1271 1.70 1849 6.04 -- 3.55 
PT-0 1052 1.55 1415 5.26 -- 3.39 
REF-25 899 1.94 986 2.40  1.38 1.44 
IT-25 1038 2.19 1474 6.70   5.14  3.06  
ITG-25 1054 2.09 1558  7.06   4.95 3.38 
PT-25 1002 2.24 1400  6.10   4.19  2.72 
REF-50 653 2.02 696 2.45  2.32  1.47 
IT-50 675 1.82 1038  9.36   7.31 5.14  
ITG-50 680 2.09 1046  8.84   6.71 4.23 
PT-50 686 1.92 915  9.64   5.69 2.96 
  656 
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Table 4. Results of Specimens Tested under Four-Point Loading 657 
Specimen 
Maximum load before 
cover spalling yP  (kN) 
Corresponding mid-
span deflection  
y  (mm) 
Bending moment 
yM (kN·m) 
Maximum load  
 uP  (kN) 
Mid-span deflection at 
Maximum load u  (mm) 
Bending moment  
uM  (kN·m) 
REF-F 322 8.48 37.8 369 25.56 43.4 
IT-F 337 11.39 39.6 337 11.39 39.6 
ITG-F 340 8.92 40.0 348  23.33 40.9 
PT-F 311 8.86 36.5 311  8.86 36.5 
 658 
 659 
  660 
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Table 5. Analytical Results of Specimens IT-F and ITG-F 661 
Specimen  yM (kN·m) CFFTs,yM  (kN·m)  ercov,yM  (kN·m) uM  (kN·m) CFFTs,uM  ( kN·m) ercov,uM ( kN·m) 
IT-F 33.9 20.0 13.9 33.9 20.0 13.9 
ITG-F 33.1 18.7 14.3 37.5 29.8 7.7 
Note: yM  indicates the bending moment at the maximum load before cover spalling yP ; CFFTs,yM  and ercov,yM  indicates the bending moment 662 
carried by the inner CFFTs and concrete cover at the maximum load before cover spalling yP , respectively; uM  indicates the bending moment at 663 
the maximum load; CFFTs,uM and ercov,uM  indicates the bending moment carried by the inner CFFTs and concrete cover at the maximum load uP , 664 




   
(a) Group REF (b) Group IT, PT (c) Group ITG 
    
(d) Group REF (e) Group IT (f) Group ITG (g) Group PT 





(a) adaptor plate 
 
(b) steel plate with 
ball joint 
(c) loading system 






(a) Four-point loading apparatus (b) Demensions of test set-up 
Fig. 3. Four-point loading system (all units are in mm) 
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(a) REF-0 (b) IT-0 (c) ITG-0 (d) PT-0 





Fig. 5. Axial load-axial deformation behavior of specimens under concentric load 






























    
(a) REF-25 (b) IT-25 (c) ITG-25 (d) PT-25 




Fig. 7. Axial load-axial deformation and axial load-lateral deflection behavior of specimens 
under eccentric load (eccentricity, e=25 mm) 

































Fig. 8. Axial load-axial deformation and axial load-lateral deflection behavior of specimens 
under eccentric load (eccentricity, e=50 mm) 



































(a) REF-F (b) IT-F 
 
  
(c) ITG-F (d) PT-F 




Fig. 10. Load-midspan deflection behavior of specimens under four-point loading 

































Fig. 11. Experimental interaction (P-M) diagram 
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(a) P-M  diagrams of Group IT specimens 
   
(b) P-M  diagrams of Group ITG specimens 
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